dian remission time was 29 months and follow-up time was 39.5 months. No serious adverse events attributable to rituximab were observed. Conclusion: Rituximab induced remission in all patients with corticosteroid-dependent or -resistant minimal-change glomerulopathy, and may hold great therapeutic potential with good efficacy and minimal toxicity. Mounting evidence implies that a well-conducted randomized controlled clinical trial using rituximab in adults with minimal-change glomerulopathy in both corticosteroid-resistant and corticosteroid-dependent patients is warranted.
ing complete remission within 8 weeks of treatment. Treatment with corticosteroids alone is less effective in adults, and with increasing age there is less likelihood of achieving complete remission. Response rates can be improved by extending the treatment duration, but the subsequent clinical course is complicated by frequent relapses requiring repeated treatment courses [1] [2] [3] [4] [5] [6] . While spontaneous remission is rare in adults, complications of nephrotic syndrome are significant; therefore, successful treatment is imperative [7] [8] [9] . Given the frequent failure of corticosteroids to induce long-term remission and the toxicity associated with prolonged or repeated steroid exposure, a variety of therapies, including cyclophosphamide, calcineurin inhibitors, and mycophenolate mofetil, have been investigated as alternative treatment options in the setting of frequently relapsing, corticosteroid-dependent or corticosteroid-resistant disease. Unfortunately, the quality of the data to support the use of any of these agents is poor, with tacrolimus, for example, resulting in chronic nephrotoxicity [10] ; thus, more effective treatment methods are needed [11] .
Recently, the humanized murine monoclonal antibody rituximab, directed against CD20 located on the surface of B lymphocytes, has shown promise as a potential corticosteroid-sparing agent in frequently relapsing or corticosteroid-dependent minimal-change glomerulopathy. While use of this agent has predominantly been explored in pediatric populations [12] [13] [14] [15] [16] [17] [18] , data suggesting effectiveness in adult patients are emerging. Studies in adult populations have largely been restricted to centers outside the United States (US) [19] [20] [21] [22] [23] [24] [25] , and have focused on patients with frequently relapsing or corticosteroid-dependent disease rather than corticosteroid-resistant disease. Rituximab treatment for patients with corticosteroid-resistant disease has been described as successful in 2 children with minimal-change glomerulopathy [26] , 2 case reports in adults [27, 28] and in a cohort study that included one resistant patient [19] . There is a dearth of information regarding rituximab treatment in corticosteroid-resistant adults and there is no reported comparison of patients with corticosteroid-dependent and -resistant disease treated with rituximab. Data reporting efficacy of rituximab in adult patients with corticosteroid-dependent or -resistant minimal-change glomerulopathy in a US setting, which includes patients with African ancestry are lacking.
In this report, we describe the clinical course of 10 adult patients with corticosteroid-dependent or -resistant minimal-change glomerulopathy treated with rituximab at our institution.
Methods

Study Population
All adult patients 18 years of age or older who were cared for at the UNC Kidney Center and who were administered an initial dose of rituximab between 2009 and 2014, for treatment of corticosteroid-dependent or -resistant biopsy-proven minimalchange glomerulopathy were considered for study inclusion. Exclusion criteria included either prior rituximab therapy or minimal-change disease that was deemed to be secondary to another process (malignancies, drug culprits or infections). The UNC Institutional Review Board approved this study (IRB 97-0523).
Data Source
Consecutive patients were identified by reviewing the electronic charts of patients at the UNC Kidney Center with native kidney, biopsy-proven, minimal-change glomerulopathy, including those who had received rituximab. Data regarding baseline demographic, clinical, laboratory, prior treatment characteristics and adverse events were extracted from patients' electronic medical records.
Treatment
All patients received either 2 doses of 1,000 mg spaced 2 to 3 weeks apart (2 dose regimen) or 4 doses of 375 mg/m 2 spaced 1 week apart (4 dose regimen) of intravenous (IV) rituximab. Patients re-treated with rituximab were given 1 or 2 doses of 1,000 mg. Concomitant immunosuppression was tapered in all patients. Patients were premedicated with 125 mg of methylprednisolone for all infusions. Of note, PJP prophylaxis was not used for patients receiving rituximab; however, proton pump inhibitors were used for all patients receiving corticosteroids.
Clinical Assessment, Definitions, Measurements, and Outcomes Corticosteroid-dependent disease was defined as relapse occurring during steroid tapering or within 2 weeks of steroid discontinuation. Corticosteroid-resistant disease was defined as unresponsiveness to at least 8 weeks of steroid therapy. Patients were evaluated at the UNC Kidney Center in our glomerulonephritis clinic within the first 3 months after rituximab therapy, and at 3-6 month intervals thereafter, at which time they were evaluated for symptoms and/or signs of remission as well as for adverse events. Serum albumin, serum creatinine, peripheral blood CD19/20-positive B cells, urinalysis, and urine protein to creatinine ratio (UPC) were measured at these time points and at times of possible disease flare. Remission was defined as a UPC <0.3 or negative urinalysis for protein and if available, albumin >3.5 g/dL. Relapse was defined as a UPC >3.5 in a patient previously in remission.
Statistical Analysis
Baseline characteristics are presented individually for each patient, and summarized using frequency (%) for categorical variables and median (range) for continuous variables. Laboratory values at the time of rituximab treatment, and monthly thereafter (when available) until last follow-up, are presented graphically. Statistical analyses were computed and figures were created using GraphPad Prism 5.0.
Results
Clinical Characteristics
We identified 10 patients with either corticosteroidresistant ( n = 5) or corticosteroid-dependent ( n = 5) idiopathic minimal-change glomerulopathy treated with rituximab at our center between 2009 and 2016. Baseline demographic and clinical characteristics are presented in Table 1 . The median age at the time of rituximab administration was 54 (range 20-78) years. Men comprised 80% of the group and 70% of the patients were white. Baseline laboratory parameters were consistent with those of the nephrotic syndrome with a median UPC of 6.5 (range 0.44-15.75) and median serum albumin 2.5 (range 1.9-4). Three patients had evidence of impaired renal clearance at diagnosis and the remaining patients had a mean serum creatinine of 0.94 mg/dL.
All patients were receiving corticosteroids at the time of rituximab administration and all had prior or current exposure to at least one additional immunomodulating agent ( Table 1 ). All corticosteroid-dependent patients were prescribed steroids for at least 1 year or more prior to rituximab treatment, some for as long as 25 years continuously.
Treatment and Outcomes
Eight patients received the 2-dose regimen of rituximab and 2 patients received the 4-dose regimen ( Table 1 ) . Subsequent treatment for relapse or maintenance was utilized in 4 patients. Individual patient information is listed in Table 2 . Median follow-up time in the cohort overall was 40 months (range 20-80).
All 10 patients reached remission (defined by proteinuria <0.3 g, albumin >3.5 g/dL, and normalized creatinine) and median time from rituximab administration to remission was 2 months (range 1-32, Table 2 ; Fig. 1 ). Of note, patient 7, who was corticosteroid-resistant, achieved complete remission at the 18 months mark and required one additional dose of rituximab at the 22 months mark because she flared but had since maintained durable remission for over 2 years. The remaining 9 patients all achieved complete remission with a single-remission, induction regimen of rituximab. Median albumin after remission was 4.1 g/dL (3.7-4.5) and median creatinine after remission was 0.88 mg/dL (0.5-1.5) for all 10 patients. Nine patients had discontinued corticosteroid therapy after a median time of 3.5 months. One patient (number 7) did not achieve remission after her first rituximab treatment; her peripheral B cells repopulated 3 months after rituximab treatment and alternative treatments were pur- sued. However, rituximab (at 1 g × 2 doses) was tried 2 years later and resulted in sustained remission (22 months) and B cell depletion. The mean time from rituximab to corticosteroid discontinuation was 3.5 months (range 1-6). Nine patients were able to stay free from corticosteroid use at last point of follow-up; 1 patient initiated <5 mg daily for a non-related dermatological condition as needed over a year after remission with no indications of relapse of glomerular disease. Three patients relapsed after rituximab treatment ( Fig. 1 ; Tables 1 and 2 ). Patient one relapsed after 33 months in remission after a colonoscopy. Rituximab re-dosing quickly brought him back into remission. Patient 2 relapsed at 8, 36, and 74 months after receiving doses for primary induction, month 37 for relapse and month 52 for maintenance. The initial relapse was treated with rounds of cyclosporine and corticosteroids due to financial constraints. After a relapse, subsequent rituximab infusions allowed for remission until a flare 22 months after dosing. Financial limitations prohibited continued rituximab use in this patient. Patient 7 was not adequately B-cell depleted 3 months after the first rituximab induction and an attempt at maintaining her downward trend in UPC with corticosteroids and cyclophosphamide was tried. Cyclophosphamide was discontinued due to leukopenia and she was maintained on MMF, corticosteroids, and spironolactone until she became nephrotic and rituximab was again considered. After adequate dosing of 2 doses of rituximab 1,000 mg intravenously, the patient went into remission, which was maintained for 22 months.
Adverse Events
No deaths were observed based on the time of last follow-up. Non-fatal adverse events are presented in Table 3 . Recurrent dose-dependent neutropenia was observed in a patient 5 months after the first dose of rituximab. However, the patient had initiated oral cyclophosphamide 1 month prior to the neutropenia due to inadequate decrease in proteinuria and the dose of cyclophosphamide had been doubled 1 week prior to neutropenia (down to 2.2). This adverse event is included in Table 3 , but is unlikely related to rituximab, as neutropenia was observed again 11 months after rituximab dosing when cyclophosphamide was increased. Two patients experienced documented upper respiratory infections that resolved without complication.
Discussion
Here, we describe the clinical course of 10 adult patients treated with rituximab for corticosteroid-dependent or -resistant minimal-change glomerulopathy. This is the first study that has examined a cohort of patients with corticosteroid-resistant disease and corticosteroiddependent or chronically relapsing courses. Following rituximab administration, all patients achieved remission from nephrotic syndrome (after a median of 2 months, range 1-6) and were successfully withdrawn from prednisone and all other immunomodulating agents (after a median of 3.5 months, range 0-13). Many of these patients had a prior history of frequent and prolonged courses of corticosteroids, and second-line therapies. Following treatment with rituximab, relapses were infrequent (4 relapses in 3 patients) and were successfully treated with repeated courses of rituximab (with the exception of a patient who is currently relapsing).
Insight into pathogenetic mechanisms underlying minimal-change glomerulopathy will help identify appropriate therapeutic avenues. Interestingly, rituximab can bind to human podocytes in vitro, possibly mediated through sphingomyelin phosphodiesterase acid-like 3b (SMPDL-3b) protein [29] , known to negatively regulate toll-like receptor signaling [30] . While podocytes do not express CD20, it is postulated that direct binding of rituximab to SMPDL-3b could prevent actin cytoskeletal changes, thereby maintaining cell integrity. It should be noted that these studies were done using samples from patients with FSGS.
Clinical research in minimal-change glomerulopathy has largely focused on children due to its high prevalence in pediatric populations. Use of rituximab for treatment of corticosteroid-dependent and corticosteroid-resistant, minimal-change glomerulopathy in children has been described in numerous published case reports, case series, and 3 randomized controlled trials in corticosteroid-dependent disease. These trials had mixed but overall favorable results, confirming therapeutic benefit [12] [13] [14] 18] .
Data for rituximab use in adults are more limited and remain retrospective. The largest adult cohort of patients with biopsy confirmed that minimal-change glomerulopathy treated with rituximab had a 61% (25/41) complete clinical response with 52% of responders relapsing and had successful re-treatment with rituximab [24] . Similar recent work of 16 adults, one of whom was corticosteroidresistant, showed full remission in 81% (13/16) of patients with 7 eventually relapsing after 9-28 months with a mean follow-up of 44 months [19] . Of the relapsing patients, 4 of 7 were successfully re-treated with rituximab, while the other patients were treated successfully with corticosteroids. The UNC Kidney Center cohort exhibited remission in all 10 patients with successfully treated relapses in 3 patients with rituximab. Follow up time was 40 months, similar to the longest follow-up reported in the literature [19] .
Interestingly, prior to this work, studies examining the role of rituximab for minimal-change glomerulopathy have not been reported in patients in the United States and few patients with corticosteroid-resistant disease (arguably more difficult to treat than corticosteroid-dependent disease) were described. Thus, our data not only support these previous findings but also extend them to an exclusively adult US population comprised of patients with and without African ancestry with corticosteroidresistant in addition to corticosteroid-dependent disease. In our experience, rituximab is not only appears to be effective but also appears to be safe with minimal adverse events during the study period.
This study has several limitations. Selection bias was minimized in this retrospective study by including all consecutive patients treated at our center regardless of outcome. We lacked a control group, and thus outcomes cannot necessarily be attributed to rituximab and may instead reflect natural disease course. However, the patients we selected for rituximab therapy were those with prior resistant or difficult-to-treat disease, in whom spontaneous remission is unlikely. Additionally, the choice of 8 weeks of therapy to define steroid-non-responsive disease may not be appropriate for adults as they are known to have a longer response time compared to children. Finally, we did not require a repeat kidney biopsy prior to treatment for relapse; thus, disease patterns may have changed (e.g., progression to FSGS) since patients' initial diagnostic biopsy. It is also possible that patients with biopsy-proven minimal-change disease and who were resistant to corticosteroids might have had unsampled FSGS; however, all resistant patients were sampled within 1 year of rituximab and all patients responded to treatment.
This work confirms previously published observational studies of adults with minimal-change glomerulopathy supporting the benefit of rituximab therapy. All of our patients experienced a durable remission with rituximab, sparing them months to years of corticosteroid exposure. Considering these data in the context of prior reports, we Upper respiratory infection (1) support the notion that rituximab should be considered a valuable second-line agent for adults with relapsing corticosteroid-dependent, minimal-change glomerulopathy or as a first-line agent for corticosteroid-resistant disease. A prospective, multicenter, collaborative, randomized controlled trial is needed to assess the true efficacy as well as the optimal protocol of rituximab therapy in adult patients with corticosteroid-dependent and resistant minimal-change glomerulopathy.
Disclosure Statement
Authors have no competing interests. WFP3, R.J.F. and P.H.N. are supported by grants from the NIDDK (P01-DK058335-14 and 1UM1-DK100845-01). WFP3 was also supported in part by NIDDK grant # 5 F32 DK097891-02 and receives translational research funding from The Broad Institute.
Financial Disclosure
None.
